generation is due to a diversity of microbial enzymes, N 2 O consumption appears to be due 23 exclusively to N 2 O reductase (Nos) (4-6). Nos catalyzes the two-electron reduction of N 2 O to 24 N 2 . In strain USDA110 of the soybean symbiont Bradyrhizobium japonicum, the complete 25 reduction of nitrate to N 2 depends on napEDABC (which encode periplasmic nitrate 26
emissions from soybean fields can be mitigated by inoculation with 5M09 at the field scale 32 (9). Because the mechanisms underlying the increased Nos activity in 5M09 remain unclear, 33 the main objective of this work was to evaluate the expression of genes encoding 34 denitrification reductases and regulators in 5M09. A B. japonicum mutant (PRNOS) that 35 overexpresses the nos genes as controlled by the rRNA gene promoter (9) was used as a 36
Nos ++ reference. 37 B. japonicum USDA110 (United States Department of Agriculture, Beltsville, MD, 38 USA), and 5M09 (8) and PRNOS (9) mutant derivative strains were used in this study. The 39 bacterial strains and plasmids used in this work are listed in Supplemental Table S1 . Cells 40 were routinely cultured at 30 °C in HM salt medium (10) supplemented with 0.1% arabinose, 41 0.025% (w/v) yeast extract, and trace metals (HMM medium) (11). For β-galactosidase assay, 42 methyl viologen (MV)-dependent nitrate reductase assay, and RNA isolation, aerobically 43 grown cells were collected and washed twice. They were then adjusted to an optical density at 44 660 nm of about 0.1 by the addition of HMM medium. Cells (10 mL) were incubated for 24 h 45 in 120-mL airtight vials with air (aerobic conditions) or N 2 (anaerobic conditions). Where 46 appropriate, either N 2 O (1%, 5%, 20%, or 25% [v/v]) or KNO 3 (10 or 20 mM) was added. 47
For β-galactosidase assays, we used chromosomally integrated transcriptional lacZ 48 fusions with the napE, nirK, norC, and nosZ promoters. The plasmids pBG0614 (12), 49 pRJ2498 (13), pRJ2499 (13), and pNOSLZch were integrated by homologous recombination 50 into the chromosome of each of USDA110 and 5M09. β-Galactosidase activity was 51 on October 15, 2017 by guest http://aem.asm.org/ Downloaded from 3 determined with permeabilized cells as described (14) . Total RNA was prepared and 52 quantitative reverse-transcription PCR (qRT-PCR) was performed as described (9). MV-53 dependent nitrate reductase assay was performed as described (15) . 54
We compared the growth ability of USDA110 with that of 5M09 and PRNOS (both 55 Nos ++ strains), and a USDA110ΔnosZ mutant (16) as a negative control. B. japonicum 56 USDA110 was able to grow anaerobically, using exogenous N 2 O as the sole electron acceptor 57 (Fig. 1 ). This is unlike Pseudomonas aeruginosa PAO1, which cannot grow on exogenous 58 N 2 O as the only electron acceptor due to a regulatory effect caused by a lack of nitric oxide as 59 the inducer for nos expression (17-19). The growth ability of 5M09 and PRNOS was 60 significantly higher than that of USDA110 ( Fig. 1 ). This likely resulted from higher Nos 61 activity in the Nos ++ mutants. Previously, Nos activities of 5M09 and PRNOS were reported 62
to be approximately 5 and 9.5 times the USDA110 values, respectively (9). We observed no 63 significant differences in growth ability of any of the strains cultured anaerobically with NO 3 -64 as the final electron acceptor (Fig. S1 ). 65
As in many other denitrifiers, the expression of denitrification genes in USDA110 66 requires both oxygen limitation and the presence of a nitrogen oxide (NO x ) (20). We analyzed 67 β-galactosidase activity in 5M09 cells carrying the PnosZ-lacZ fusion. Cells were incubated 68 aerobicaly or anaerobically with or without 10 mM KNO 3 or (anaerobic only) 5% N 2 O (Fig.  69 2). β-Galactosidase activities under aerobic (None), anaerobic (None), and anaerobic + N 2 O 70 conditions in 5M09 were about double those in USDA110 (Fig. 2) . As previously reported 71 (21), expression of PnosZ-lacZ was greatest in cells grown anaerobically with NO 3 -as an 72 electron acceptor, indicating that not only anaerobiosis but also an NO x is required for 73 maximal induction of nosZ. When NO 3 -was added to both aerobic and anaerobic incubations, 74 USDA110 and 5M09 exhibited similar levels of β-galactosidase activity (Fig. 2) , suggesting 75 that the mechanism for nosZ regulation in 5M09 was not effective in the presence of conditions (5% N 2 O) (8), we used this condition for the qRT-PCR study. We compared the 88 change of expression (relative to USDA110) in 5M09 with that in PRNOS (Table 1) . 89
Expression of nosZ, nosD, and nosR genes was enhanced in both strains. In PRNOS, nosR 90 expression was 9× that in 5M09, and nosZ and nosD expression was 40× that in 5M09. Since 91 nosR has been suggested to be a Nos expression regulator (17), the positive regulation of nosZ 92 and nosD in PRNOS was likely due to overexpression of nosR in this strain (9). The 93 expression of genes encoding regulators (fixL, fixK 2 , nnrR, regS, nifA), NirK (nirK), and Nor 94 subunit C (norC) showed similar responses between 5M09 and PRNOS (Table 1) . This 95 regulation may be a consequence of the Nos ++ phenotype of 5M09 and PRNOS. Only napA 96 (which encodes the Nap large subunit precursor) was differentially regulated: it showed a 97 2.6× change in 5M09 but no significant change in PRNOS (Table 1) . 98
To further investigate this regulation, we analyzed the β-galactosidase activity of PnapE-99 lacZ, PnirK-lacZ, PnorC-lacZ, and PnosZ-lacZ in USDA110 and 5M09 (Table S2) . Similar 100 to the qRT-PCR results, β-galactosidase activity mediated by PnapE-lacZ and PnosZ-lacZ in 101 on October 15, 2017 by guest http://aem.asm.org/ Downloaded from 5 5M09 was about 2.2 and 3.2 times, respectively, that in USDA110. In addition, Nap activity 102 in 5M09 was about 2.7× that in USDA110 and 4.0× that in PRNOS (Table S3) . 103
These results suggest that regulation of nap and nos genes in 5M09 is not dependent on 104 the FixLJ-FixK 2 -NnrR and RegSR-NifA regulatory cascades. Thus we suggest that a 105 regulatory network, that is independent from the above mentioned and is commonly 106 regulating nap and nos genes, may be mutated in 5M09 strain. Given the potential of 5M09 to 107 mitigate N 2 O emissions in soybean fields (9) 
